INTRODUCTION
Cardiovascular disease affects over 84 million Americans and is the leading cause of death in all major ethnic groups; it accounts for one of every three deaths in the United States.
1 Elevated lowdensity lipoprotein cholesterol (LDL-C) is a key reversible risk factor for cardiovascular disease. 2 Statins (HMG-CoA reductase inhibitors) lower LDL-C concentrations and decrease cardiovascular disease by approximately 20-30%, 3, 4 and in some populations by as much as 50%. 5 Despite the overall benefits of statins in populations, there is wide variation in LDL-C response among individuals. [6] [7] [8] Thus, there is interest in defining the genetic determinants of statin response.
Statins inhibit HMG-CoA reductase activity, lower circulating and cellular cholesterol concentrations and increase synthesis of LDL receptors (LDLRs). [9] [10] [11] LDLRs have a key role in the uptake and subsequent lysosomal hydrolysis of LDL-C; 9,10 however, they are subject to degradation mediated by an enzyme, proprotein convertase subtilin/kexin type 9 (PCSK9). 9, 10 Thus, PCSK9 reduces the number of LDLRs, whereas statins have the opposite effect. However, statins also upregulate the PCSK9 gene and this effect limits their ability to lower LDL-C. 12 Therefore, individuals with PCSK9 variants of reduced function would be expected to have an increased response to statins because LDLR degradation would be reduced.
The PCSK9 gene is highly polymorphic and several gain-offunction (GOF) and loss-of-function (LOF) variants are reported to increase and decrease LDL-C concentrations, respectively. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] However, there is little information about the relationship between PCSK9 variants and the LDL-C response to statins. In one study of 25 subjects who responded particularly well to statin therapy, three had PCSK9 LOF variants, 24 but in another study candidate PCSK9 variants were not associated with response to statin therapy. 25 In a genome-wide association study of statin response in 6989 subjects of European ancestry, a PCSK9 LOF variant (rs11591147, R46L) associated to a greater response to rosuvastatin with locus-wide significance. 26 The relationship between PCSK9 variants and statin response remains unclear but is important because many individuals who may receive PCSK9-inhibitor drugs are also likely to be receiving a statin.
Historically, the importance of PCSK9 LOF variants was defined in populations of African ancestry in whom uncommon variants were discovered. 15 Thus, to define the relationship between PCSK9 variants and statin response, we studied African Americans (AAs) who had been treated with a statin in clinical practice and had genotyping performed using the MetaboChip. 27, 28 We identified 11 previously reported functional variants at the PCSK9 locus (two GOF and nine LOF variants) and examined the hypothesis that these functional variants affected the magnitude of the LDL-C response to statin therapy.
MATERIALS AND METHODS

Study population
The study was approved by the Institutional Review Board of Vanderbilt University. The study cohort consisted of self-identified AA and European American (EA) patients who had both a statin response phenotype (described later) and genotyping information available in the Vanderbilt DNA biobank (BioVU). BioVU accrues DNA samples from blood drawn for routine clinical testing after these samples have been retained for 3 days and are scheduled to be discarded. BioVU and sample handling have been described. 29 Samples and existing genotypes in BioVU are linked to a de-identified version of each individual's electronic health record (EHR).
Phenotype and covariates
We used the definition of statin response adopted by the Genomic Investigation of Statin Therapy consortium 30 -the difference between the 1 natural log-transformed LDL-C level on-and off-statin treatment for each patient. The beta of the corresponding regression thus reflects the fraction of differential LDL lowering in carriers versus non-carriers of the singlenucleotide polymorphism (SNP). Statin exposure and LDL-C measures were extracted from each individual's EHR by applying natural language processing algorithms that we have developed and validated. 8, 31, 32 Each study participant was required to have at least one off-treatment LDL-C measurement and at least one on-treatment LDL-C measurement. Offtreatment LDL-C was defined as the median LDL-C level in the 20 months before the first mention of a statin in the EHR. The on-treatment LDL was defined as lowest LDL-C level within 20 months after the first mention of a statin in the EHR. Even though patients may achieve LDL-C lowering rapidly after statin exposure, LDL-C levels are seldom measured more frequently than at 6-12-month intervals in usual clinical practice. We have selected the 20-month window on the basis of local clinical practice patterns. Given that many patients had less than two LDL-C measurements within 18 months after the first statin prescription, we used that time frame but allowed an additional window of 2 months for appointment variations; for example, an appointment for 6 months could actually occur in 7 or 8 months. Thus, we selected the 20-month window to define on-treatment LDL-C levels. A further analysis showed no association between LDL-C change and time of statin exposure (P = 0.715, r 2 = − 0.0002). On average, each patient had 9.8 ± 8.9 LDL-C measurements. The equation for calculating LDL-C response to statin treatment is shown below:
LDL response to statin treatment = ln(on-treatment LDL) − ln(offtreatment LDL)
Covariates including age, sex, and statin type and dose were extracted from the EHR. The statin type and dose closest to the lowest on-treatment LDL-C measurement was identified using the methods we developed. 8 A statin dose equivalent was calculated for each patient as defined in the Supplementary Table 1. 30,33 Population stratification was assessed by applying principal component analyses implemented in EIGENSOFT. 34, 35 Manual chart review was performed for (1) individuals with low (o50 mg dl 
Genotype
Genotyping was performed using the Illumina MetaboChip (San Diego, CA, USA), 27 ,28 a custom BeadChip targeting 196 725 genetic variants in AA individuals, the Illumina Infinium ExomeChip, targeting~250 000 variants across the protein coding region of the genome, in individuals of European ancestry (EA). Genotyping data were curated for quality control using PLINK. 36 We removed SNPs with a call rate less than 95%. No SNPs in this study deviated significantly from Hardy-Weinberg equilibrium (o 0.01). We removed samples (1) with per-individual call rate o 95%; (2) with mismatch between genetic and EHR sex; (3) with a cryptic relationship closer than a third-degree relative. In the AA cohort, a total of 29 individuals were removed from the analysis. Genotypes of 105 SNPs within the PCSK9 locus were extracted from MetaboChip. We selected 12 LOF or GOF variants on the basis of both association studies and functional studies. One variant, rs67608943 (Y142X), was monomorphic, thus, 11 functional variants were tested. Specifically, we selected variants on the basis of the following criteria: (1) the variant had been associated with altered LDL-C levels in large-scale association studies or GWAS (rs11206510, rs2479409, rs11591147, rs11583680, rs11800243, rs72646508, rs28362261, rs28362263, rs562556, rs505151 and rs28362286); 13, [16] [17] [18] [19] [21] [22] [23] [37] [38] [39] or (2) the variant had been associated with altered circulating PCSK9 levels (rs2479409, rs11591147).
14 Two variants, rs11591147 and rs28362286 had also been reported as strong predictors for coronary heart disease risk. 15, 40 To replicate the findings (described later) with rs11591147 in the AA cohort, we extracted statin response phenotypes for a cohort of 2388 Caucasian statin users in BioVU who had rs11591147 genotypes available from Illumina Infinium ExomeChip genotyping.
Statistical analysis
We used the R statistical package 41 to analyze the correlations between LDL-C response to statin therapy and clinical covariates, which included age, sex, body mass index, statin dose equivalent, comorbidity (hypertension and type 2 diabetes), off-treatment LDL-C levels and time between first statin exposure and LDL-C measurement. For correlation analysis, Kendall's tau correlation coefficients were determined. One-way analysis of variance was used to compare LDL-C responses in individuals receiving different statin dose-equivalents. A P-value of less than 0.05 was considered statistically significant.
Genetic association analysis was performed using PLINK. 36 No SNPs in this study deviated significantly from Hardy-Weinberg equilibrium (o0.01). We tested the associations between PCSK9 variants and (1) off-treatment LDL-C levels; (2) the difference between natural logtransformed on-and off-treatment LDL-C levels. An additive inheritance model was assumed and tested using a linear regression model. The analysis was adjusted for age (at the time of the on-treatment LDL-C measurement), sex and two primary principal components for ancestry. To control for possible associations with off-treatment LDL-C level, the analysis of LDL-C response to statin was additionally adjusted for off-treatment LDL-C (natural log-transformed) and the statin dose equivalent. A P-value o0.0045 (0.05/11) was considered statistically significant. For rs11591147, we also performed a Wilcoxon rank-sum test as a nonparametric test to limit the dependence of our test on the normal distribution. To account for the importance of covariates in our analysis, we performed a linear regression analysis testing the impact of only the covariates on LDL-C response and included the residuals in a Wilcoxon rank-sum test with the genetics. 42 We tested the significant association with rs11591147 in statin users of European ancestry in BioVU (N = 2388). Genetic analysis was performed using PLINK as described above. A P-value of less than 0.05 was considered statistically significant.
We further tested the collective effect of 11 PCSK9 variants in the AA group using a burden test. We collapsed the functional variants into single risk score. Specifically, we defined the risk score as number of GOF minus number of LOF variants for each individual. The burden test was adjusted for age, sex, natural log-transformed off-treatment LDL-C, statin dose equivalent and two primary principal components for ancestry. A P-value of less than 0.05 was considered statistically significant.
RESULTS
There were 669 AA statin users who had both statin response phenotype and genotype available ( Table 1 
Effect of covariates
There was no significant association between response to statin therapy and covariates such as age, sex, body mass index and presence of hypertension and type 2 diabetes (Supplementary Table 2 ). Of the 10 ancestry principal components calculated using EIGENSOFT, 34, 35 two primary principal components accounted for majority of ancestry variation but were not associated with response to statin (P = 0.075 and 0.94, respectively). Off-treatment LDL-C levels influenced LDL-C response to statin treatment strongly (P = 3.14 × 10 − 15 ) as did statin dose (measured as statin dose-equivalents; P = 9.78 × 10 − 13 ).
Effect of PCSK9 variants
The LDL-C response to statin was significantly associated with rs11591147 (R46L), a LOF variant, (P = 0.0024; Table 2 ). The minor allele of the variant (T allele) was associated with a 55.6% greater LDL-C reduction (Figure 1 ). In the nonparametric test, rs11591147 remained significantly associated with LDL-C response to statin treatment (Wilcoxon rank-sum test, unadjusted P = 0.096, after adjustment P = 0.026). This variant was also the most significant predictor for off-treatment (baseline) LDL-C levels (P = 2.2 × 10 Figure 1 ). The three carriers of rs11591147 had an offtreatment LDL-C of 72.33 ± 41.9 mg dl − 1 compared with an average off-treatment LDL-C of 139.4 ± 44.8 mg dl − 1 among non-carriers ( Figure 1) . Another LOF variant, rs28362261 (N425S) was associated with statin response (P = 0.0064) and off-treatment LDL-C levels (P = 0.067) with borderline significance. The collective effect of all Association between PCSK9 functional variants and statin response Q Feng et al the functional variants was associated with LDL-C response to statin (burden test, P = 0.035; Supplementary Table 3) .
Effect in the EAs
We validated the top hit in a EA cohort (Table 1) in whom the rs11591147 had a minor allele frequency (MAF) of 3.4% and was strongly associated with off-treatment LDL-C levels (P = 2.7 × 10 -7
); similar to a previous report, 26 it was associated with an additional 7.0% reduction of LDL-C after statin treatment compared with non-carriers (P = 0.054).
DISCUSSION
The current study represents the first comprehensive analysis of the association between PCSK9 functional variants and statin response in an AA cohort. The major finding was that a PCSK9 variant rs11591147 was associated with a 55.6% increase in LDL-C reduction compared with non-carriers (P = 0.0024) AAs; the association was also present in EAs, with a smaller effect size (7%, P = 0.054). Thus, this study provides genetic evidence of synergy between HMG-CoA-reductase inhibition and PCSK9 inhibition in the treatment of hyperlipidemia.
PCSK9 regulates circulating LDL-C levels primarily by binding to LDLRs and facilitating their degradation, and there is a positive correlation between circulating PCSK9 and LDL-C levels. 43, 44 Variants in the PCSK9 gene were initially associated with autosomal dominant hypercholesterolemia in patients carrying rare GOF variants. 45 By screening the coding region of PCSK9 in 128 subjects, Cohen et al. identified two LOF PCSK9 variants 40 carriers of those LOF variants not only had 40% lower LDL-C levels, but also were protected from cardiovascular disease (P = 0.008). 15, 40 Statins increase the number of LDLRs as well as PCSK9 expression. 12, 46 This increase in PCSK9, and the consequent increase in LDLR degradation, may be why the LDL-C response to statin treatment plateaus. 12 Individuals who carry PCSK9 LOF variants have low expression or reduced activity of PCSK9 and would be expected to achieve greater LDL-C reduction with statins compared with non-carriers.
Rs11591147 is a well-characterized LOF variant in PCSK9. Carriers of rs11591147 were reported to have a reduced risk for ischemic heart disease and myocardial infarction. 18, [47] [48] [49] The nucleotide alteration results in an amino acid change at Arg46 to Leu46 (R46L) next to an Ser47 phosphorylation site and PCSK9 L46 was more susceptible to proteolytic degradation. 50 We found a relationship between the presence of rs11591147 and the LDL-C response to statin therapy in both AAs and EAs. This is concordant with a study performed in patients with familial hypercholesterolemia in whom carriers of rs11591147 had lower than expected LDL-C levels while receiving statin treatment. 24 Nevertheless, previous observations from Caucasian populations for relationships between rs11591147 (R46L) and statin response are inconclusive. Although rs11591147 has previously been associated with LDL-C response to both rosuvastatin 26 and atorvastatin, 51 Polisecki et al. observed no association between the variant and pravastatin treatment in an elderly cohort (aged 70-82). 52 Clinical covariates (for example, statin type and age at statin exposure) may influence statin response and without such knowledge and appropriate adjustment, the ability to detect There was only one carrier of rs72646508, so the variant was removed from single-variant association analysis, but included in collective effect analysis.
Association between PCSK9 functional variants and statin response Q Feng et al genetic predictors may be limited. This might explain why a recent meta-analyses of 420 000 Caucasians failed to identify rs11591147 as a predictor of statin response. 30 Although we observed an effect of rs11591147 on statin response in AAs and EAs, the effect size was larger in AAs. Population-specific allele frequency might contribute to the variation in effect size. It is also possible that the effect of rs11591147 is further modified by ethnic-specific genetic or environmental factors. Also, there were only three AA carriers of the allele and thus the point estimate of the effect size may not be well defined.
We also observed population-specific allele frequency in other PCSK9 genetic variants. Rs11583680 has an MAF of 13% in European and only 1% in African populations (1000 Genomes Project). In our AA cohort, rs11583680 had an MAF of 2%. This variant was not associated with statin response in either Caucasians (recent meta-analyses of 420 000 individuals) 30 or AAs (our cohort). Rs28362261 is an AA-exclusive variant with MAF of 2% in Africans and 0% in Caucasians (1000 Genomes Project). In our AA statin cohort, rs28363361 associated with statin response (P = 0.006). The MAF in Caucasians is too low to replicate its effect in that population group. The variation in genetic architecture between AAs and EAs may contribute to ancestry-related variation of statin response. Further transethnic studies in larger AA and EA populations as well as populations of other ethnicity are needed.
We identified 11 functional PCSK9 variants from both genetic association studies and functional studies. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] One might expect all the functional variants to be associated with alterations in off-treatment LDL-C (LDL-C lower with LOF and higher with GOF variants). This was not the case and several explanations are possible. The likely explanation is that the effect of some variants was small or was modified by variants in other genes or by non-genetic factors affecting LDL-C concentrations. Similarly, not all PCSK9 functional variants were associated with statin response. Most of the variants had either low frequency or small effect size, factors that would limit detection of an effect. However, it was interesting to note that even though the P-values did not reach significance, all variants had the expected direction of effect for statin response as predicted from their GOF or LOF characterization (Table 2 ) and the burden test of the collective effect was significantly associated with LDL-C response to statin therapy (P = 0.03).
It is critical to understand the genetic architecture of the AA population and its relation in response to medications for several reasons. First, testing the generalizability of genetic findings from EA populations to AA populations will reduce the false positive findings caused by linkage disequilibrium structure. Second, considering the specific genetic structures and richness of sequence variations, genetic studies in AA populations have the potential to reveal novel mechanisms not detected by studying EAs. Last, understanding the variation of the magnitude of effect in different populations will contribute to translating genetic findings to clinical practice. However, genetic studies in AAs often have the limitation that large cohorts are not readily available. Although our study was one of the largest statin-response studies in AAs, the sample size was a limitation.
We conclude that some LOF variants in PCSK9 are associated with enhanced statin response. This finding is of interest as the Food and Drug Administration recently approved the first PCSK9 inhibitors, alirocumab, as a new lipid-lowering medication. Figure 1 . Effect of rs11591147 on baseline LDL-C concentrations and statin response. Off-treatment LDL-C levels (a) and statin response (b) in carriers and non-carriers of rs11591147. The analysis was adjusted for age (at the time of the on-treatment LDL-C measurement), sex and two primary principal components (PCs) for ancestry. To control for possible associations with off-treatment LDL-C level, the analysis of LDL-C response to statin was additionally adjusted for off-treatment LDL-C (natural log-transformed) and the statin dose equivalent. A P-value o0.0045 (0.05/11) was considered statistically significant. LDL-C, low-density lipoprotein cholesterol.
